The systematic construction of a 3-D generalized explicit method with adjustable mesh density is presented in this paper for the consistent analysis of large-scale applications. The novel algorithm introduces a parametric hybridization of a conformal multimodal finite-difference time-domain and a curvilinear pseudospectral time-domain technique which lead to optimized simulations. Updated independently, these procedures are interconnected by flexible boundary conditions and Runge-Kutta integrators, while their media sensitivity receives efficient tuning. Further enhancement is achieved via stencil patterns that exploit structural periodicity. So, the proposed schemes yield highly precise and affordable results devoid of grid errors, as certified by several real-world problems.
I. INTRODUCTION
T HE intuitive derivation of physically descriptive time-domain solvers for modern electromagnetic compatibility (EMC) problems is firmly associated with the correct representation of their realistic dimensions by the suitable spatial sampling rates. In essence, such applications [1] - [5] are the blending of electrically large homogeneous regions and fine details that pose undue computational overheads. Toward the intriguing possibility of tackling this bottleneck, the finite-difference time-domain (FDTD) [6] and pseudospectral time-domain (PSTD) [7] methods can be proven fairly beneficial. However, the broadband modeling of the preceding structures along with the usual frequency dependence of their media properties, entail "staircase" resolutions which are still expensive as well as potentially error prone. Pursuing the constant improvement of these serious defects, various proficient techniques have been hitherto presented [8] - [12] .
It is the aim of this paper to develop a hybrid FDTD-PSTD methodology, based on an advanced 3-D discretization strategy, for the wideband solution of large-scale EMC problems. The new algorithm presents each problem in terms of Maxwell's equations and divides the domain in nonoverlapping sections of rapid field variation and periodical traits. Incorporating a conformal projection, the parametric method establishes a set of multimodal FDTD operators for the former areas and a Fourier-Chebyshev PSTD curvilinear interpolation for the latter. Both processes are separately updated, while robust conditions and Runge-Kutta operators guarantee their smooth interconnection. Also, dissimilar material interfaces are treated by adaptive stencils with optimal density and modeling sensitivity. Hence, and unlike the excessive needs of existing approaches, dispersion errors accept notable reduction and total accuracy overwhelms typical thresholds. The proposed schemes, except their theoretical validation, are successfully applied to complex setups like anechoic/reverberation facilities, planar microwave devices, and low-frequency structures. 
II. DEVELOPMENT OF THE GENERALIZED HYBRID METHOD
Critical aspects of large-scale EMC problems are geometric details that are the fine as regards the minimum wavelength and which include irregular cross sections and curvatures. Despite the fact that they are limited in relation to regions of mild homogeneity, they create nonseparable waves which need very small grid densities.
A. Novel FDTD-PSTD Schemes
To mitigate this significant hindrance in subwavelength areas, our hybrid formulation introduces a multimodal FDTD-based algorithm with controllable resolution. Let us assume the discontinuity of Fig. 1 , spanning over an angle with inner and outer mean radii and . The key issue is the efficient separation of all propagating modes at preselected transverse planes, which satisfies the necessary physical conditions. So, each component can be expressed by means of infinite series as (1) where (2) for (
, are the respective eigenfunctions and depict amplitude coefficients. An important quality of (1)- (3) is their conformal character which enables the rigorous discretization of the above oddities through the careful selection of and . Two adequately smooth functions that 
Having performed the appropriate decoupling of the strenuous modes, the technique analyzes the problem under study via Maxwell's equations on the prefixed planes. So, a set of differential equations is extracted whose solutions act as transverse intermediate excitations in the discontinuity. Such a mechanism is proven very precise and the most substantial; it preserves duality even close to the geometric oddity, contrary to common methods which lack to provide sufficient treatment. In this context and using a matrix notation, Ampere's and Faraday's laws become (6) (
with and the electric and magnetic intensities defined at the general coordinates . The elements of impedance matrices give the fundamental details of the structure and are derived, via all field continuity boundary constraints, as (8) (9) (10) In order to approximate the spatial derivatives of (6) and (7), we construct the th-order finite-difference operator of (11) where , , is the spatial increment, indicates specific grid points, and are weighting parameters. Furthermore, the new approximators and , defined as (12) (13) launch additional nodal patterns which optimize the overall mesh density and improve the convergence rate of the schemes.
Proceeding to the second part of our hybridization, a curvilinear Fourier-Chebyshev PSTD interpolation is devised for sections of homogeneous media and periodical features. Since they constitute the majority in the domain, their study via the prior approach is expected to radically accelerate the total simulation. This is achieved by evaluating spatial derivatives in terms of (14) with and the Fourier and inverse Fourier transform, the node number towards -axis, and the transformed wavevector component. Moreover, describes all coordinates along a straight-line cut through the transverse plane of the other two coordinates. In fact, (14) represents differentiation by the following trigonometric Chebyshev-type polynomial (15) with the tilded denoting the Fourier series of and . Observe that field values are placed at certain nonuniform grid points , . This fact permits space partition into collocated elements which conform to the boundaries of media distributions. Next and by means of a curvilinear coordinate transformation, each element is mapped into a cube, whereas, finally, all field quantities adjacent to internal interfaces, are properly corrected to resolve the physical jump conditions.
A prominent merit of the novel FDTD-PSTD forms is that temporal derivatives in both methods are computed through (16) thus facilitating their completely independent temporal update. A closer inspection of (11)- (13) and (15), unveils their competence in manipulating frequency-dependent layouts due to the direct tensor-oriented classification of constitutive parameters. Consequently, dispersion errors are considerably minimized and wideband investigations are straightforward to accomplish.
B. Boundary Interconnection and Performance Aspects
The interconnection of FDTD/PSTD sections is achieved by the fluxes across the boundaries. Particularly in each region, fields are updated independently and at each time-step, waves are separated through Maxwell's equations into two parts: a normally incident to the boundary and one propagating away from it. For example, the corrected tangential electric components are given by (17) where indicates the left/right region with respect to the boundary, is the normal unit vector pointing outwards on the interface, and , are the medium's impedance and admittance.
The performance of the hybrid schemes is explored by the associated error between the numerical and exact wavenumber. So, the dispersion relation of (6), (7), and (15) is (18) To display the serious accuracy improvement, Fig. 2 shows the normalized phase velocity and the maximum error norm as a function of various factors at a spectrum of 12 GHz. Additionally, Table I provides the convergence rate and lattice error of diverse realizations. The superior multifrequency performance of the new method over conventional ones is directly discernible.
III. OPTIMIZATION OF ALGORITHMIC MEDIA SENSITIVITY
When the domain includes materials with rather different constitutive properties, the resulting interfaces are rather laborious to implement. For this difficulty, we develop an adaptive central differencing process for optimal sensitivity. Based on the robust modeling of physical continuity conditions in terms of (12)- (14), our concept launches a set of auxiliary nodes at both sides of the interface placed at node . Therefore, its shape is tracked by (19) with A, B signifying the medium, are differencing weights with a total sum of 1/2, is the grid direction, and real mesh nodes. Furthermore, extra convergence and stability enhancement is obtained by the alternative use (apart from the leapfrog one) of fivestage Runge-Kutta integrators in the vicinity of the interface. Indeed through the energy inequality method [6] , it is derived (20) where and a growth factor. Inequality (20) ensures that the amplitude of does not increase, i.e., the discrete system's energy is conserved. This notable behavior may be, also, attributed to the stability of the FDTD and PSTD configurations.
IV. NUMERICAL RESULTS
The advanced accuracy and confined overhead of the hybrid formulation are verified by various large-scale EMC problems. The first concerns a thin shielded cable, connecting two cylindrical cavities, as in Fig. 2, with cm, cm, cm, cm, cm, and cm. The domain is excited by a Gaussian pulse and truncated by 8-cell perfectly matched layers (PML) [6] . Fig. 3 gives the cable voltage along its length computed by our method (
; grid: cells) and the (2,2) FDTD approach with a 90% finer mesh. Results reveal the very close agreement of the former with the reference, contrary to the inadequacy of the plain FDTD simulation.
Next, we focus on the dual-reflector anechoic chamber of . Fig. 5 (a) studies the reflectivity of 25% carbon-loaded, 1.83 m tall, periodically arranged absorber linings and confirms the FDTD/PSTD merits. Similarly, Fig. 5(b) illustrates the normalized site-attenuation-compared to open area test site (OATS) data-for the semi-anechoic version of Fig. 4 . The novel algorithm successfully predicts chamber suitability, unlike the (2,2) or (2,4) FDTD technique with the finer resolution. Also, the impact of the gap among the absorbers' ferrite tiles is displayed in Fig. 6(a) . Calculations are conducted 1.25 m in the quiet zone, for a 1.78 mm and 0.26 mm gap at 235 MHz. Clearly, the first lining is not viable for EMC tests counter to the smoother second one. Finally extending our analysis to a m, 20 inclined-wall GTEM cell, Fig. 6(b) proves the serious dispersion-error reduction and the almost 85% savings for both values.
Another class of demanding applications are the reverberation chambers (Fig. 7) . Herein, its movements are modeled with an interval of 25 and a 50 temporal sampling rate. Fig. 7 demonstrates the normalized variation, while Fig. 8 provides the shielding effectiveness of a 1 mm thick fiber-glass-fiber plate and a dielectric cover. As observed, the hybrid approach overwhelms all FDTD renditions in a fairly broadband sense.
A printed circuit board problem, described in Fig. 9 , is subsequently investigated. All integrated parts consist of the same material which has , , and S/m, with a substrate of , , and S/m. The dimensions are: mm, mm, and mm, whereas the grid comprises cells including a 6-cell PML. Fig. 9 indicates the precise evaluation of the -parameter by the proposed method, exhibiting the inadequacy of the (2,4) FDTD one, as well, despite the mesh it employs. As a final structure, we examine a planar microstrip antenna with 5000 elements integrated on a cm substrate truncated by an 8-cell PML. Fig. 10 shows its return loss and compares it with that of a 1000-element radiator. Again, both FDTD/PSTD realizations outperform traditional practices with a high level of precision and very limited system burdens.
V. CONCLUSION
A hybrid time-domain methodology, founded on advanced FDTD and PSTD schemes, has been proposed in this paper for large 3-D EMC structures. Designed via a low-complexity generalized rationale, the parametric technique introduces new operators with optimal nodal density and media-sensitive interface conditions. Hence, and as realistic numerical evidence determines, artificial reflection errors are greatly suppressed and very rigorous as well as inexpensive solutions are acquired.
